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Abstract 
Process planning of spot welding for body-in-white automobile structures involves several experimental (physical) welding 
trials to set the process parameters. These experimental trials are crucial in ensuring the quality and efficiency of the process. 
However, due to the iterative nature of the work, running several experiments is costly and time consuming prolonging the 
overall development cost and time significantly. To minimize the cost and time, replacing the physical tests by digital (virtual) 
tests is an established approach although not often applied for spot welding. However, for a long chain of development process 
with several iterative loops, this is not a trivial task considering the availability of information and continuity of the work flow. 
This paper reports the work and results of an industrial case study conducted on spot welding of a body-in-white car pillar in a 
Swedish auto manufacturer. The aim of the study is to investigate and propose the necessary conditions required to replace a 
physical test by virtual tests in terms of validity and expedited execution of the process. Information sharing, knowledge reuse 
and streamlining the work flow have found to be critical condition for valid and rapid virtual tests.  
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1. Introduction 
During the past decades the automotive industry has 
faced increasing demands for new and more diverse models 
resulting in a multitude of market segments and a reduction 
of lifecycles of products [1]. Simultaneously, the 
globalization of the automotive market has lead to increased 
competition and focus on reducing production costs [2]. A 
third major trend is the increasing use of materials and 
designs to meet lightweight requirements to reduce CO2 
emissions, often resulting in ultra-high strength steels 
(UHSS), aluminum alloys or composite materials [3].  
All of the above mentioned trends put increased pressure 
on original equipment manufacturers (OEMs) to become 
more efficient in design, launch and manufacturing of new 
products. 
In automotive body-in-white (BiW) assembly, resistance 
spot welding (RSW) is the major joining technology due to 
its relatively high mechanical strength, low cost and 
complexity and high ability for automation, compared to 
other joining methods such as laser beam welding, 
mechanical joining or adhesive bonding. RSW joins metal 
sheets in an over-lap configuration through resistive Joule 
heating by a current flowing through an electrode pair 
applied to the sheet surfaces, as illustrated in Fig. 1. The 
main practical evaluation criterion for RSW is the radial 
extension of the weld at the sheet interfaces, which is 
directly related to the mechanical strength of the joint [4]. A 
too low heat generation results in an insufficient weld size 
and strength. However, extensive heat results in weld 
Fig. 1 Schematics of the RSW process 
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spatter, which may cause defective welds, damage 
surrounding equipment or sheet surfaces, which require 
expensive repair work. Furthermore, industrial welding 
includes variations due to, for example, misalignments of 
components or sheet surface conditions. 
The reasoning above shows that the process window of 
the RSW process must be sufficiently large to produce 
satisfactory welds. As a BiW structure includes 
approximately 5000 spot welds and hundreds of sheet 
combinations, see Fig. 2, with different sheet grades and 
thicknesses, the process planning of RSW is crucial to 
successful and efficient manufacturing. The evaluation of 
process windows is today mainly based on physical testing 
during product development. One such testing cycle can 
cause delay times of several weeks in the process planning 
since new sheet materials have to be acquired for every new 
test combination. Reduction of this lead time has been 
identified as a significant opportunity to reduce 
development time for new BiW products. 
From a mechanical perspective, the design of the RSW 
distribution is made by design engineers primarily based on 
previous projects and design requirements such as torsional 
stiffness, crashworthiness or corrosion or fatigue properties. 
In order to optimize these properties, an RSW distribution 
is suggested and handed over to manufacturing engineers 
for process planning and evaluation. The RSW distribution 
may then be approved and prepared for manufacturing or 
disapproved and handed back to design engineers for a new 
iteration. 
In automotive design, the final RSW distribution may 
often be a trade-off between the requirements of weld 
process stability in manufacturing and optimized product 
design requirements. In addition, as product requirements 
become more demanding, the challenges for manufacturing 
stability increase. 
Numerical solutions to the RSW problem has been 
researched since the 1960s with one-dimensional [5] and 
axi-symmetrical models [6], which calculated the 
temperature change in the weld zone. Later research 
developed FE models, which were capable of predicting the 
size of the weld zone, first using elastic material data [7] 
and later by including elasto-plastic material behavior [8]. 
As research has developed, more physical phenomena have 
been included in the model, with particular focus on contact 
conditions [9], [10].  
As FE simulation methods have developed and computer 
power has increased over the past decades it has been made 
possible to predict weld outcome numerically [11]. These 
simulation models have shown promising results in 
agreement with physical results for both weld size and 
spatter limit. However, all research found in the literature 
has presented results related to isolated welds on idealized 
geometries with little connection to a larger structure or 
joint. In order to assess the usefulness of numerical 
solutions of the RSW problem an industrial case is 
investigated in the present paper An alternative process 
planning flow is proposed and compared to traditional 
working methods in terms of time and cost efficiency and 
accuracy to production results.  
It is however obvious that replacement of physical 
testing for RSW process windows with numerical 
simulation can reduce development times significantly. It is 
the focus of this paper to find out when numerical 
simulation could be used and how much this can shorten the 
development time of BiW structures. 
The remainder of the paper proceeds as follows. In 
Chapter 2 the analysis of the process planning stream is 
explained. In Chapter 3 it is explained how information can 
be made available for re-usability and how FE simulation 
can be made to establish process windows for RSW. The 
value stream mapping of the present process planning is 
illustrated in Chapter 4. Finally in the Chapter 5 we discuss 
how new numerical tools can be implemented in B-i-W 
process planning and what magnitude of reduction in 
development time this can lead to. 
2. Analysis of process planning stream 
The application and benefits of simulation based RSW 
process planning in reducing the total cost and development 
times are well known. However, implementation of 
replacing existing physical tests by simulation is not a 
trivial task. A physical test is replaceable only if there exists 
sufficient information to build a valid model and the 
corresponding simulation scheme gives comparably 
accurate results. 
In order to concretize this investigative work, an 
industrial case based approach is used. The case is defined 
as a part of the BiW structure of Fig 2 produced in Volvo 
Car Corporation’s Torslanda plant, see Fig. 2. It is an A 
pillar made from different UHSS components and joined by 
RSW and laser beam welding. 
Physical tests are carried out at several stages of the 
development process due the iterative nature and re-design 
steps of the development. Hence the first task was to assess 
the existing traditional development process to analyze the 
activities where these physical tests occur as well as their 
logical and temporal interdependencies with each other and 
the rest of the activities in the design and process planning 
chain. 
The analysis was conducted by a thorough review of the 
existing process model with close collaboration of 
engineers and practitioners involved in the process. Three 
Fig. 2 Automotive BiW structure with its multitude of different 
materials 
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aspects of the process planning model were considered 
during this analysis, namely: 
(i) the functional aspect in which the roles and iterative 
loops involving these physical tests as well as the 
knowledge and the type and sources of information 
(such as references, design task specifications, tools, 
models,) needed to conduct the tests are captured. 
(ii) the temporal aspect The time based process flow to 
identify the time criticality of the physical tests and 
the iterative planning activities involved. 
(iii) the logical aspect The pre and post conditions of the 
tests in terms of what conditions, activities and 
external requirements and constraints are needed 
trigger and complete them. 
Such a thorough analysis enables the viability of using 
numerical methods to replace the physical tests can be 
assessed. Furthermore, crucial improvement areas in 
streamlining and positioning these tests in the development 
process can be identified, analyzed and proposed. 
The information requirement and knowledge reusability 
are also critical elements for effective process planning of 
RSW. Availability and use of reference documentations and 
proved knowledge on weldability of materials, weld 
combinations, and electrodes selection are also analyzed 
from the functional and logical models. This leads to the 
second question of this work related to documentation and 
how to trace and make knowledge reusable and information 
available to the numerical as well as physical tests across 
the development stages. 
From the above analysis, replaceable instances of 
physical tests where digital tools could be used to improve 
the design process were identified. Digital methods of 
numerical simulation were proposed and described to 
deliver the same results as the traditional methods. 
3. Digital tools for RSW process planning 
From the analysis above, two instances have been found 
based on the value stream mapping of the RSW process 
planning; replacement of weld trials with simulations and 
reusability of knowledge. For these two separate digital 
tools have been developed and proposed to improve and 
make the process planning more efficient. To establish a 
process window experimentally for a single RSW sheet 
combination is time consuming. The welding trials take 
approximately 1 week and if new materials which have to 
be acquired from external suppliers are included 
approximately another 4 weeks are added.  
The digital tools involve FE simulations of the RSW 
process and database handling of previous RSW tests, 
respectively. These tools are described below in terms of 
pre-requisites and outcome. 
3.1. Digital prediction of RSW process window 
As numerical methods have developed, the predictive 
capability of welding simulations have become more 
accurate during the past decades [12]. Both general finite 
element (FE) software and specialized software for welding 
modeling have been used and shown good agreement with 
simulations. The models include coupled or un-coupled 
models which include mechanical, thermal and electrical 
modules with associated loads and boundary conditions. A 
typical RSW mesh can be seen in Fig. 3. 
From the simulation both weld diameter, see Fig. 4, and 
an indication of expulsion likelihood can be obtained and 
thus a process window can be generated. In addition, the 
simulation can give answers to more detailed questions 
regarding weld indentation, distribution of the heat affected 
zone, distribution of metallurgical phases, temperature 
history, etc. Typically RSW simulations take approximately 
1 hour to perform, but are not dependent of any personal 
during computation times, which enables round-the-clock 
weld simulations. 
In conclusion, the lack of dependence of material and 
short preparation time compared to physical tests, RSW 
simulation can establish a process window in relatively 
short times.  
Fig. 3 Screenshot of mesh of RSW model [10]. 
Fig. 4 Metallographic section cut of physical weld (left) and 
equivalent simulation result (right) [13]. 
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3.2. Re-use of knowledge 
Many OEMs have a long history of welding in 
production which has been planned through weld trials. 
However, it was seen that repeated weld trials often take 
place instead of re-using previous knowledge.  
A database and digital interface was developed to 
improve future process planning by reducing the amount of 
weld trials. The tool, developed as a Microsoft Excel 
interface, see screenshot in Fig. 5, for high accessibility, 
was aimed at designer engineers who in early phases of the 
development process can accept or avoid certain sheet 
combinations based on results from previous weld trials. 
The tool can also be used by manufacturing and weld 
engineers, who can use previously generated weld 
parameters for identical sheet combinations in new 
products. 
The tool also includes tolerances in terms of material 
grade coating type and sheet thickness to make suggestions 
of similar sheet configurations which have been previously 
used in production.  
By using the digital tool, designer engineers can find 
combinations which require no process planning or iterative 
re-designing due to insufficient process window of the 
RSW process.  
4. Development of process model  
As described in Chapter 2, the existing process flow 
model for the RSW process planning, as part of the overall 
process model, was analyzed. The main objective of this 
was to identify and specify the activities involved in the 
physical tests to evaluate the viabilities to replace them with 
numerical methods. The initial model was a workflow 
model depicting the activities and time (as in value stream 
map), combined in a project flow context showing the 
different phases of the development process. 
Hence the first task was to remodel the process in order 
to a transform it to a hierarchical one capturing the process 
at different abstraction levels and to decouple the function, 
temporal and logical aspects of the model, to find 
appropriate ways to incorporate digital tools in the process 
planning. Table 1 shows the results of the analysis and the 
hierarchy and objectives on the different abstraction levels.  
In order to perform the intended objectives of the work, 
i.e. the identification and specification of the physical tests 
to be replaced with simulation based numerical methods 
and perform analysis of knowledge reusability, a detailed 
model based analysis of the activities around these tests is 
necessary. It was identified that the models in Table 1 are 
necessary corresponding to different aspects and abstraction 
levels. 
Historically these models have been presented using 
process flow charts, which is the legacy method in industry, 
for better communication and intuitive interpretations 
compared to more abstract alternatives. In Fig. 6 a model 
depicting a comparison of physical test based design 
iterations (the top blue rectangle) and virtual test with 
knowledge reusability and simulations (the lower green and 
red rectangles) is presented. 
In the traditional engineering design and manufacturing 
process planning, depicted by the top blue rectangle in Fig. 
6, all weldability tests are done physically. The next step 
depending on the result involves re-design of the BiW and 
specifically the RSW distribution (new iteration) or 
definition of process parameters for industrial production. 
As explained in previous sections, such an approach is 
time-consuming with a typical total duration of 5 weeks for 
one total loop. 
Table 1 Level 1 model of logical aspects for a test activity. 
Model aspects Hierarchy Objective  - To capture 
Function 
Level 0: High level processes as activities dependencies between spot welding process planning with product design and 
manufacturing development 
Level 1: Activities involving tests.   requirements and design iterations involving spot welding. Interactions with preceding and subsequent activities.  
Level 2: Detailed on sub activities tools, procedures, algorithms, constraints, references, accuracy requirements needed in regards to material combinations and weldability as well as output documentation  
Temporal and logical 
Level 0: VSM a value stream mapping for the development process  
Level 1. Time and logical dependencies.  pre and post condition specifications for the tests and related activities.  
Level 2: Detailed timed model  expected time of completion, slack and waiting times, etc. 
Fig. 5 Screenshots of database search interface (above) and results 
regarding weldability (below). 
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The lower parts of Fig. 6 depicts interactions between 
engineering design and manufacturing process planning 
with virtual tools. In a first step, before weldability testing, 
the weld design is checked with CAD tools if it is possible 
to produce the spot weld from an accessibility point of view 
with respect to tooling equipment supplies, factory layouts, 
robot paths, etc. In the next step, in the left hand side of Fig. 
6, it is checked if a proposed material combination is known 
from previous weld tests. In that case previous RSW 
process windows or other information e.g. from suppliers or 
standards might be used for production. Previous 
knowledge may also immediately refuse a sheet 
combination for production forcing a new design iteration – 
significantly faster compared to the traditional method 
described above. 
If a combination is not known from before, the second 
tool, the simulation platform is utilized for process window 
planning - the instance of the red rectangle in Fig. 6. The 
simulation result will either refuse a weld in this iteration or 
provide with indicative process parameters depending on 
simulation results. In this study it is suggested that, as a first 
step, process parameters for sheet combinations in final 
design are validated by physical tests. 
Based on the available information it is hence now 
decided to preliminarily accept the new design for the spot 
weld or not. If it is accepted more detailed information on 
the RSW process window is generated by ordering 
materials and start the experimental process planning. 
To summarize, it is clear that numerical tools for 
retrieving information on previous RSW trials can be used 
in the middle section of Fig. 6. Easy to use tools can be 
used by both design engineers and manufacturing 
engineers. It is possible to use FE simulation at that stage if 
no physical process windows are available. And it is finally 
possible to replace the physical testing of Fig. 6 with 
simulations. Depending on the accuracy requirements it is 
even possible to include the new FE process window into 
the database for retrievable information in order to further 
re-use weld process knowledge, as depicted by the bottom 
horizontal red arrows. 
5. Evaluation of digitalization of process planning 
As described above, a set of criteria must be met to 
complete successful process planning. For RSW, these 
criteria are defined by a set of process parameters which 
result in successful welding robustly in an industrial 
automated environment. The successful welding is defined 
by a sufficiently large weld size at the sheet interfaces with 
the absence of weld spatter. These criteria can be predicted 
by digital tools with relatively high confidence depending 
on sheet combination complexity either by re-use of 
previous weld tests or by prediction through numerical 
models.  
The second step of process planning is the installation of 
equipment and tools which are capable of performing the 
welding. In order to make such an installation the 
requirements on the equipment must be set in terms of 
electrode force and weld current capacity, electrode type 
etc. By defining the process parameters by digital tools the 
second step of process planning can be completed as well. 
Finally, an estimation of comparison of lead times for 
the traditional and proposed digital process planning 
approach for the BiW pillar structure application has been 
made in Table 2. The lead times for the traditional process 
planning has been made in discussion with experienced 
engineers from BiW development. A large part of the 
process planning time based on physical tests involve 
purchase, order and delivery of physical test specimen. This 
process may have to be repeated for certain material grades 
for each iteration. The lead times for the novel digital 
process planning approach is based on computation times 
for common RSW combinations [13]. Typical simulation 
times are in the range of 1 hour for a single weld and using 
full digital utilization, simulations can run interrupted 
during the process planning stage. In the final product step 
Fig. 6 Design iterations of physically based process planning (top blue rectangle) and virtual process planning with digital tools (bottom green and red 
rectangles) 
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it is recommended to, as a first step, compliment the digital 
tools with physical tests for verification and to minimize the 
risk of faults. 
As Table 2 shows, the potential lead time reduction is 
significant from a total of 20 weeks to 9 weeks based on a 
typical re-design process involving three iterations. The 
estimation highlights the potential of digital tools to reduce 
process planning lead times in BiW. 
Table 2 Estimated comparative assessment of process planning with and 
without application of virtual tests  
BiW development stage Only physical tests 
(weeks) 
With virtual tools 
and knowledge 
reusability  
(weeks) 
First proposal 5 2 
Iteration 1 5 1 
Iteration 2 5 1 
Final product 5 5 
Sum 20 9 
From this investigative work, the large potential for 
knowledge reusability has been highlighted. This is 
especially true considering the information and knowhow 
available in isolated sections that could be shared. Further 
and more detailed process analysis, could bring knowledge 
integrations across the process chain so that either to 
completely avoid conducting any forms of tests for already 
known cases or enhance the quality of validity of the virtual 
tests.  The save in time by this measure is self-evident.  
Conclusions and future work 
The present work is an investigative work in an effort to 
establish the potential for digitalization of process planning 
of RSW in BiW. The aim of the study was to reduce lead 
times and product development cost compared to traditional 
physically based process planning. 
A value stream mapping model of the activities involved 
in the process planning was established and potential 
instances where digital tools and numerical models could be 
used were identified. For these instances a set of criteria, 
which defined the requirements of the digital tools, was 
established. 
In addition, two potential digital tools were investigated 
and described from a technical point of view as well as for 
practical use. These tools were evaluated to find their 
feasibility for implementation in large-scale process 
planning. 
The study concluded that by implementing digital tools, 
there is great potential to reduce lead times and product 
development costs compared to traditional methods. 
As the authors were unable to find any other research 
which evaluated the potential of digitalization of RSW 
process planning, there still exist significant potential to 
investigate the area further. One possible approach would 
be a more extensive case study where the digital tools 
proposed in this study are used simultaneously with 
traditional methods. The two methods would be used in 
tandem in an industrial project in order to make a relevant 
comparison. 
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